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The precise determination of the excitation energies in condensed-phase molecular systems is
important for understanding system-environment interactions as well as for the prerequisite input
data of theoretical models used to study the dynamics of the system. The excitation energies are
usually determined by fitting of the measured optical spectra that contain broad and unresolved
peaks as a result of the thermally random dynamics of the environment. Herein, we propose a
method for precise energy determination by strongly coupling the molecular system to an optical
cavity and measuring the energy of the resulting polariton. The effect of thermal fluctuations
induced by the environment on the polariton is also investigated, from which a power scaling law
relating the polariton’s linewidth to the number of molecules is obtained. The power exponent gives
important information about the environmental dynamics.
Embedded in a high density of environmental particles,
the excitation energies of molecules in condensed phase
can be modified from their values in gas phase by the
static influence of various kinds of system-environment
interactions including electrostatic interaction and hy-
drogen bonding [1–6], as well as the effects of molecular
conformation [7, 8]. Therefore, a precise determination
of the excitation energies of condensed-phase molecular
systems is significant for the understanding of system-
environment interactions. Moreover, the energy values
are prerequisite as input data for almost all theoretical
models used to study the dynamics of molecular sys-
tems [9, 10]. The excitation energies of condensed-phase
molecular systems are usually determined by fitting of
the measured optical spectra. The optical spectra, how-
ever, often contain broad and unresolved peaks as a re-
sult of the thermally random dynamics of the environ-
ment interacting with the molecular system. Moreover,
to extract excitation energy information from the opti-
cal spectra, it is necessary to develop a theory of optical
spectra that addresses the often sophisticated spectral
density of the environment. A variety of approximations
are sometimes used to reduce the complexity of the calcu-
lations [9, 11, 12]. Consequently, it is desirable to develop
an alternative approach that can precisely determine the
excitation energies of condensed-phase molecular systems
without requiring detailed information about the envi-
ronmental random dynamics.
In this Letter, we propose a method for the precise de-
termination of the excitation energies of condensed-phase
molecular systems by strongly coupling the molecules to
an optical cavity and measuring the energy of the po-
lariton that results from the hybridization of the de-
grees of freedom of light and matter. Strong coupling of
molecules to an optical cavity has already been realized
in many experimental platforms [13–33]. It has led to
a variety of interesting phenomena and important appli-
cations including the control of chemical reactivity [34–
41], enhancement of transport [42–47], nonlinear optical
properties of organic semiconductors with applications to
optoelectronic devices [48–51], and polariton lasing and
condensate [52–55]. The underlying mechanism that al-
lows a precise determination of the excitation energies of
condensed-phase molecular systems is that the polariton
appears as a sharp peak in optical spectrum under the
inflence of strong coupling between the cavity mode and
the electronic excitations of molecules inside the cavity.
This is related to the effect of vibronic or polaron de-
coupling found in the Holstein-Tavis-Cummings (HTC)
model that describes molecules with a single vibrational
mode that are coupled to an optical cavity [36, 56–59] and
the extended model [60]. However, since the polariton is
a collective superposition of a large number of electronic
excitations of molecules [see Eq. (4)] and therefore can be
vulnerable to decoherence, the effect of thermal fluctua-
tions induced by the environment on the polariton state
at finite temperatures, which is not captured in the HTC
model and its extension, is a nontrivial and important
issue.
By investigating the effect of thermal fluctuations in-
duced by the environment on the polariton, a power scal-
ing law relating the polariton’s linewidth to the number
of molecules coupled to the cavity is determined. The
power exponent strongly depends on the environment’s
dynamic time scale. As such, information on environ-
mental dynamics can be extracted from the polariton
spectrum obtained for a variable number of molecules.
Since the polariton contains both light and matter de-
grees of freedom, its energy can be obtained by ei-
ther cavity-transmission or molecular-absorption spec-
troscopies. In the latter, the polariton needs to be in a
bright state with respect to molecular absorption. How-
ever, this condition is not satisfied if there are pairs
of molecules with the opposite orientations, such as in
the case of random orientations. The effective Rabi fre-
quencies for an ensemble of identical molecules or molec-
ular complexes with random orientations are derived.
The molecular-absorption and cavity-transmission spec-
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2troscopies are calculated for several cases of molecular
systems with different types of orientations, in which the
potential of using polariton for precise determination of
excitation energies in condensed-phase molecular systems
is demonstrated.
Effect of environmental thermal fluctuations on the po-
lariton’s linewidth.– We consider a system of N identical
molecules whose electronic excitations are coupled to a
single mode of an optical cavity (Fig. 1) via dipole inter-
action
Hˆmc =
~ΩR
2
N∑
m=1
(|em〉〈gm|aˆ+ |gm〉〈em|aˆ†) , (1)
where ΩR is the so-called single-emitter Rabi frequency
that characterizes the coupling strength between the cav-
ity and a molecule, aˆ denotes the annihilation operator of
the cavity photon, and |gm〉 and |em〉 represent the elec-
tronic ground and excited states, respectively, of the mth
molecule. In this case, we assume that all molecules in-
side the cavity have the same orientation such that their
Rabi couplings are equal. Molecules with different orien-
tations will be considered later.
Each molecule in condensed phase is assumed to
be coupled to an independent environment, which is
modeled by an ensemble of harmonic oscillators Hˆe =∑N
m=1
∑
ξ ~ωm,ξ bˆ
†
m,ξ bˆm,ξ, where ωm,ξ and bˆm,ξ represent
the frequency and annihilation operator of the ξ mode
of the environment surrounding the mth molecule. The
dynamics of the environment at a finite temperature in-
duces energy fluctuations in the electronic excited states
of the molecules as given by the Hamiltonian [61]
Hˆme =
N∑
m=1
~ω0 +∑
ξ
gm,ξ
(
bˆ†m,ξ + bˆm,ξ
) |em〉〈em|.
(2)
Here, ~ω0 is the molecule’s excitation energy and gm,ξ
denotes the coupling strength between the mth molecule
and the ξ mode of the environment. The dynamics
of the environment is characterized by the relaxation
function Ψm(t) = (2/pi)
∫∞
0
dωJm(ω) cos(ωt)/ω, where
Jm(ω) = pi
∑
ξ g
2
m,ξδ(ω − ωm,ξ) is the spectral density.
When the spectral density is given by the Drude-Lorentz
form, Jm(ω) = 2λmτmω/(τ
2
mω
2 +1), the relaxation func-
tion has an exponential form, Ψm(t) = 2λm exp(−t/τm),
where λm is the environmental reorganization energy,
which is usually employed to characterize the system-
environment coupling strength, and τm is the character-
istic timescale of the environmental relaxation or reorga-
nization process [62]. The time evolution of the system’s
reduced density operator can be solved in a numerically
accurate fashion using the hierarchical equations of mo-
tion approach for example [63].
The molecular absorption spectrum can be expressed
in terms of the system’s dynamical quantities as [64]
A(ω) = Im
{
i
~
∫ ∞
0
dteiωtTr
[
µˆG(t)µˆ×ρˆ0
]}
, (3)
FIG. 1: Schematic illustration of a system of condensed-phase
molecules coupled to a single mode of an optical cavity (light
magenta) with frequency ωc. Each molecule (green sphere)
with the electronic excitation energy ~ω0 interacts with an
independent surrounding environment represented by blue el-
lipsoids. The thermal dynamics of the environments at a finite
temperature T induces energy fluctuations in the molecules
that are characterized by the reorganization energy λ and
the relaxation time scale τ . The coupling strength between
the cavity and a molecule is given by the single-emitter Rabi
frequency ΩR. Due to the finite transmitivity of the cavity
mirrors (grey plates), the cavity photon has a loss rate of κ.
where µˆ =
∑N
m=1 (µm|em〉〈gm|+ µ∗m|gm〉〈em|) is the to-
tal transition dipole moment operator with µm being the
matrix element of the transition dipole moment of the
mth molecule, and µˆ×ρˆ ≡ µˆρˆ − ρˆµˆ. Here, the density
operator ρˆ0 = |G〉〈G| with |G〉 =
∏N
m=1 |gm〉 ⊗ |0〉c be-
ing the ground state of the cavity-molecule system in
which all the molecules are in their electronic ground
states and the cavity is in the vacuum state. The super-
operator G(t) describes the time evolution of the system
in Liouville space. In the following numerical demonstra-
tion, we set the parameters of the molecular system and
the environment to be ω0 = 12400 cm
−1, λ = 50 cm−1,
τ = 100 fs, and T = 300 K, which are typical values
in photosynthetic pigment-protein complexes [9, 10]. For
simplicity, we assume that the parameters of the envi-
ronments are equal. The cavity frequency is taken to be
ωc = 12450 cm
−1, i.e., with a detuning of 50 cm−1 from
the molecule’s excitation energy. The cavity’s Q-factor
(κ = ωc/Q) is set to be Q = 10
4. When many molecules
are coupled to a single mode of the optical cavity, the
collective Rabi frequency
√
NΩR rather than the single-
emitter Rabi frequency ΩR determines the polariton en-
ergy.
To investigate the effect of thermal fluctuation due to
the environment on the polariton’s linewidth, we calcu-
late the full width at half maximum of the lower-polariton
peak, which represents the polariton with an energy
less than both the molecule’s excitation energy and the
cavity frequency in the molecular-absorption spectrum.
It is determined that in the absence of molecule-cavity
coupling, the molecular absorption peak has a broad
linewidth of approximately 291 cm−1, which is larger
than the typical separation between absorption peaks of
different molecules [9]. In contrast, when the molecules
are coupled to the cavity mode, the polariton peak in
3the absorption spectrum has a much smaller linewidth
that decreases with an increase of the number N of
molecules coupled to the cavity. The N -dependence of
the polariton’s linewidth is determined to follow a power
scaling law ∆νLP = ∆0N
−α with ∆0 = 138 ± 4 cm−1
and α = 0.57 ± 0.02 (for the collective Rabi frequency√
NΩR = 0.1 eV) obtained via the linear fitting of nu-
merical data in the logarithmic scale [65].
To obtain physical insight into the effect of environ-
mental thermal fluctuations on the polariton’s linewidth
, we first assume that the thermal fluctuations do not
alter the structure of the lower polariton, which has the
form of
|LP〉 = c1
N∏
m=1
|gm〉 ⊗ |1〉c + c2|B〉 ⊗ |0〉c, (4)
where c1 and c2 are coefficients of the superposition that
satisfy |c1|2 + |c2|2 = 1. Here, |n〉c denotes the Fock state
with n cavity photons and |B〉 = (1/√N)∑Nm=1 |em〉 is
the so-called bright state, which is a superposition of elec-
tronic excitations of all molecules coupled to the cavity.
Given that each of the molecular electronic excitations
|em〉 is coupled to the environmental modes via the in-
teraction given by Eq. (2), the lower polariton |LP〉 with
the aforementioned structure can be regarded as having
an effective interaction in which the number of modes
increases by a factor of N but the coupling strength to
each mode decreases by a factor of 1/N . As such, the
effective spectral density JLP(ω) and the reorganization
energy λLP for the lower polariton are modified by a fac-
tor of 1/N because the spectral density is proportional
to the mode density and the coupling strength squared.
The effect of the environment on the linewidth of
the lower polariton in the absorption spectrum depends
on the environmental dynamics. In the inhomoge-
neous broadening limit
√
kBTλLP  τ−1, which corre-
sponds to the slow environmental dynamics, the line-
shape has a Gaussian form with the linewidth given by√
kBTλLP [61]. As a result, the polariton’s linewidth
should follow an N−1/2 scaling. In the opposite limit of
homogeneous broadening
√
kBTλLP  τ−1, which cor-
responds to the fast environmental dynamics, the line-
shape has a Lorentzian form with the linewidth given by
kBTλLPτ . As a result, the polariton’s linewidth should
follow as N−1 scaling.
To examine the validity of the preceding analysis, in
which it was assumed that the thermal fluctuations do
not affect the structure of the lower polariton, we nu-
merically calculate the N -dependence of the polariton’s
linewidth in the absorption spectrum for different values
of the reorganization energy λ. It was determined that
the power scaling law of ∆νLP ∝ N−α is well-satisfied
with a strong λ-dependence of the power exponent as
shown in Fig. 2. Consequently, environmental dynamics
information can be extracted from the power exponent
α obtained by measuring the lower polariton energy for
a variable number of molecules coupled to the cavity. It
FIG. 2: Dependence of the power exponent α in the power
scaling ∆νLP ∝ N−α of the lower polariton’s linewidth with
respect to the number of molecules coupled to the cavity on
the dimensionless quantity τ
√
kBTλ that characterizes the
environment’s dynamic motion. Here, λ is the reorganization
energy, τ is the relaxation time scale, and T is the temperature
of the environment (kB is the Boltzmann constant). The red
(green) line indicates the value of α = 1 (α = 0.5), which is
the expected value of α in the inhomogeneous (homogeneous)
broadening limit τ
√
kBTλ  1 (τ
√
kBTλ  1) under the
assumption that the environmental thermal fluctuations do
not affect the structure of the lower polariton.
is evident that α generally decreases with an increase of
λ and seems to approach a steady value close to α = 1
(α = 0.5) in the inhomogeneous (homogeneous) broaden-
ing limit. The remaining deviation should, however, be
attributed to the effect of environmental thermal fluctu-
ations on the structure of the lower polariton.
Polariton energy.– The energy of the lower polariton
can be obtained by diagonalizing the Hamiltonian of the
cavity-molecule system, yielding
ωLP =
1
2
[
ωc + ω0 −
√
(ωc − ω0)2 +NΩ2R
]
. (5)
For a sufficiently large Rabi frequency,
√
NΩR  |ωc −
ω0|, it reduces to ωLP ' (ωc + ω0 −
√
NΩR)/2. There-
fore, by repeating the measurement of the lower polariton
energy with variable molecular density, in which N is var-
ied, or with variable number of photons in the cavity, by
which ΩR is varied, we can obtain the molecular exci-
tation energy ~ω0 via a simple linear fitting, given that
the cavity frequency ωc is known, for example, based on
the transmission spectroscopy measurement of the bare
cavity.
The deviation |νLP−ωLP| of the position of the lower-
polariton peak in the absorption spectrum from its en-
ergy as a function of N was investigated. It was deter-
mined that the deviation increases with an increase of the
number of molecules coupled to the cavity prior to satura-
tion, following the function |νLP−ωLP| = A−Be−γN [65].
Using the exponential fitting procedure, we determine the
4saturation value of |νLP−ωLP| to be A ' 27 cm−1, which
is smaller than ∆νLP ' 55 cm−1 for N = 5 (for the same
collective Rabi frequency
√
NΩR = 0.1 eV). The depen-
dence of ∆νLP and |νLP − ωLP| on the Rabi frequency
ΩR was also investigated. It was determined that ∆νLP
decreases with an increase of ΩR before it saturates for a
sufficiently large collective Rabi frequency [65]. The sat-
uration value is determined by the number of molecules
coupled to the cavity. The deviation |νLP − ωLP| follows
a power scaling |νLP − ωLP| = CΩ−ηR [65].
Next, we consider a more general system of molecu-
lar complex composed of molecules with different excita-
tion energies and transition dipole moments. Both the
magnitude and the sign of the Rabi coupling can dif-
fer from one molecule to another in the system. In the
following numerical demonstration, we consider a sys-
tem of N = 3 molecules with excitation energies ω1 =
12400 cm−1, ω2 = 12500 cm−1, and ω3 = 12600 cm−1.
The Rabi frequencies associated with the three molecules
are taken to be
√
NΩ
(1)
R = 0.1 eV, Ω
(2)
R = Ω
(1)
R
√
3/2, and
Ω
(3)
R = −Ω(1)R /
√
2. We also consider coupling between
electronic excitations of different molecules given by the
Hamiltonian
Hˆmm =
∑
m6=n
~Vmn|en〉〈gn| ⊗ |gm〉〈em|, (6)
where the coupling matrix elements Vmn between the
mth and the nth molecules satisfy Vmn = V
∗
nm. In this
case we take Vmn = 50 cm
−1.
There is a relatively sharp and isolated peak in the
molecular absorption spectrum that corresponds to the
lower polariton [65]. The linewidth of the peak is deter-
mined to be ∆νLP ' 85 cm−1, which has a comparable
magnitude to the linewidth of the polariton peak in the
investigated case of N = 3 identical molecules. Besides
the lower-polariton peak, there is a broad peak that con-
tains the absorption spectra of the upper-polariton as
well as two remaining energy eigenstates. In the case of
identical molecules, these two energy eigenstates are dark
states with respect to molecular absorption and thus do
not appear in the absorption spectrum. Due to the differ-
ence in the excitation energy and the Rabi coupling be-
tween the molecules, as well as the inter-molecular elec-
tronic couplings, they are no longer fully dark states.
However, given that these eigenstates consist mainly of
the degrees of freedom of matter, their linewidths are
broad compared with those of the polaritons.
The energy of the lower polariton is obtained by diag-
onalizing the Hamiltonian of the molecule-cavity system,
which in this case is a 4× 4 matrix
ωc Ω
(1)
R /2 Ω
(2)
R /2 Ω
(3)
R /2
Ω
(1)
R /2 ω1 V12 V13
Ω
(2)
R /2 V21 ω2 V23
Ω
(3)
R /2 V31 V32 ω3
 . (7)
The deviation of the position of the lower-polariton peak
in the absorption spectrum from the lower polariton en-
ergy was determined to be |νLP−ωLP| ' 19 cm−1, which
is smaller than ∆νLP. By repeating the measurement of
the lower-polariton energy with variable molecular den-
sity and/or variable cavity frequency, for example, by ad-
justing the distance between two mirrors and using the
genetic algorithm for a multivariable fitting [9, 66–68],
the excitation energies of the molecules can be deter-
mined or at least the accuracy of their values obtained
using other approaches can be evaluated.
In the case of an ensemble of identical molecules with
different orientations coupled to a single mode of an opti-
cal cavity, the energy of the polariton can be obtained, as
in the case of one molecule, by using an effective Rabi fre-
quency ΩeffR =
√∑N
m=1
∣∣∣Ω(m)R ∣∣∣2, where Ω(m)R is the Rabi
coupling associated with the mth molecule. If the orien-
tation of the molecules are random, using 〈cos2 θ〉θ = 1/2,
we obtain ΩeffR = ΩR
√
N/2 with ΩR being the Rabi fre-
quency of one molecule.
Similarly, if an ensemble of identical molecular com-
plexes with different orientations is coupled to a sin-
gle mode of an optical cavity, the energy of the po-
lariton can be obtained, as in the case of one molec-
ular complex, by using effective Rabi frequencies for
energy eigenstates (excitons) of the molecular complex
Ωi,effR =
√∑N
m=1
∣∣∣Ωi,(m)R ∣∣∣2. Here i represents the exciton
energy eigenstates of each molecular complex, and Ω
i,(m)
R
represents the Rabi coupling associated with the ith ex-
citon in the mth molecular complex. If the orientation
of the molecular complexes is random, the effective Rabi
frequencies reduce to Ωi,effR = Ω
i
R
√
N/2 with ΩiR being
the Rabi frequency of the ithe exciton in one molecular
complex.
Cavity transmission spectrum.– We have demonstrated
that the sharp and isolated peak of the lower polariton
appears in the molecular absorption spectrum, which can
be used for precise determination of the excitation ener-
gies of molecules. However, if there are pairs of identi-
cal molecules with opposite orientations such that their
Rabi couplings have the same magnitude but the oppo-
site signs, the polariton state would become a dark state
with respect to molecular absorption [65]. This situa-
tion is encountered especially in a system of identical
molecules or identical molecular complexes with random
orientations. In this case, given that the polariton always
involves the degrees of freedom of the cavity, its energy
can be obtained from cavity transmission spectroscopy
measurements.
For a numerical demonstration of the cavity transmis-
sion spectrum, we consider a system of N = 4 identical
molecules that form two pairs of molecules with oppo-
site orientation. As a result, the Rabi couplings satisfy
Ω
(2)
R = −Ω(1)R and Ω(4)R = −Ω(3)R . In this case, we take√
NΩ
(1)
R = 0.1 eV and Ω
(3)
R = Ω
(1)
R
√
3/2. The other pa-
rameters of the system and the environment are the same
as those of the aforementioned system that was inves-
5tigated. There is a relatively sharp peak of the lower
polariton with a linewidth of ∆νLP ' 67 cm−1, which
has a comparable magnitude to that of the molecular-
absorption spectrum of a system of N = 4 molecules
with the same orientation [65]. There is also a very
small and flat transmission spectrum at approximately
12400 cm−1 due to the three energy eigenstates of the
system that consists mainly of the degrees of freedom
of matter. In the absence of thermal fluctuation from
the environment, these energy eigenstates do not appear
in the cavity transmission spectrum. Their signals in
the cavity transmission spectrum should therefore be at-
tributed to the thermal fluctuation of the environment,
which affects the structures of the energy eigenstates by
inducing small mixing of the degrees of freedom of light
and matter.
Conclusions.– We have demonstrated that a precise
determination of the excitation energies of condensed-
phase molecular systems is possible by strongly coupling
the molecules to an optical cavity and measuring the en-
ergy of the polariton, which is a mixture of light and
matter degrees of freedom. The polariton’s linewidth is
determined to exhibit a power scaling with respect to the
number of molecules coupled to the cavity mode. The
power exponent strongly depends on the environment’s
dynamic time. Therefore, the environmental dynamics
information can be extracted from the polariton spec-
trum measured for a variable number of molecules. The
exciton-polariton-based approach proposed here is the
first step in the development of new methods for precise
measurement and/or control of various physical proper-
ties of condensed-phase molecular systems [69, 70], which
is significant from the perspective of both fundamental
science and technological application.
Acknowledgments
This work was supported by JSPS KAKENHI
Grant Numbers 19K14638 (N. T. Phuc), 17H02946
and 18H01937, and JSPS KAKENHI Grant Number
17H06437 in Innovative Areas “Innovations for Light-
Energy Conversion (I4LEC)” (A. Ishizaki).
[1] J. Eccles and B. Honig, Charged amino acids as spectro-
scopic determinants for chlorophyll in vivo. Proc. Natl.
Acad. Sci. USA. 80, 4959–4962 (1983).
[2] A. Damjanovic, H. M. Vaswani, P. Fromme, and G. R.
Fleming, Chlorophyll excitations in Photosystem I of
Synechococcus elongatus. J. Phys. Chem. B 106, 10251–
10262 (2002).
[3] D. Spangler, G. M. Maggiora, L. L. Shipman, and R.
E. Christoffersen, Stereoelectronic properties of photo-
synthetic and related systems. 2. Ab initio quantum me-
chanical ground state characterization of magnesium por-
phine, magnesium chlorin, and ethyl chlorophyllide-a. J.
Am. Chem. Soc. 99, 7478–7489 (1977).
[4] J. N. Sturgis and B. Robert, The role of chromophore
coupling in tuning the spectral properties of peripheral
light-harvesting protein of purple bacteria. Photosynth.
Res. 50, 5–10 (1996).
[5] J. N. Sturgis and B. Robert, Pigment binding-site and
electronic properties in light-harvesting proteins of pur-
ple bacteria. J. Phys. Chem. B. 101, 7227–7231 (1997).
[6] H. Witt, E. Schlodder, C. Teutloff, J. Niklas, E. Bor-
dignon, D. Carbonera, S. Kohler, A. Labahn, and
W. Lubitz, Hydrogen bonding to P700: site-directed
mutagenesis of threonine A739 of Photosystem I in
Chlamydomonas reinhardtii. Biochemistry 41, 8557–
8569 (2002).
[7] A. Warshel and W. W. Parson, Spectroscopic proper-
ties of photosynthetic reaction centers. I. Theory. J. Am.
Chem. Soc. 109, 6143–6152 (1987).
[8] E. Gudowska-Nowak, M. D. Newton, and J. Fajer, Con-
formational and environmental effects on bacteriochloro-
phyll optical spectra: correlations of calculated spectra
with structural results. J. Phys. Chem. 94, 5795–5801
(1990).
[9] J. Adolphs and T. Renger, How Proteins Trigger Excita-
tion Energy Transfer in the FMO Complex of Green Sul-
fur Bacteria Biophysical Journal 91, 2778–2797 (2006).
[10] A. Ishizaki and G. R. Fleming, Theoretical Examination
of Quantum Coherence in a Photosynthetic System at
Physiological Temperature. Proc. Natl. Acad. Sci. USA
106, 17255–17260 (2009).
[11] S. I. E. Vulto, M. A. de Baat, M. A. Louwe, H. P. Per-
mentier, T. Neef, M. Miller, H. van Amerongen, and H.
P. Aartsma, Exciton simulations of optical spectra of the
FMO complex from the green sulfur bacterium Chloro-
bium tepidum at 6 K. J. Phys. Chem. B 102, 9577–9582
(1998).
[12] M. Wendling, M. A. Przyjalgowski, D. Gulen, S. I. E.
Vulto, T. J. Aartsma, R. van Grondelle, and H. van
Amerongen, The quantitative relationship between struc-
ture and polarized spectroscopy in the FMO complex of
Prosthecochloris aestuarii: refining experiments and sim-
ulations. Photosynth. Res. 71, 99–123 (2002).
[13] T. W. Ebbesen, Hybrid Light-Matter States in a Molec-
ular and Material Science Perspective. Acc. Chem. Res.
49, 2403–2412 (2016).
[14] D. G. Lidzey, D. D. C. Bradley, M. S. Skolnick, T. Virgili,
S. Walker, and D. M. Whittaker, Strong exciton-photon
coupling in an organic semiconductor microcavity. Na-
ture 395, 53–55 (1998).
[15] D. G. Lidzey, D. D. C. Bradley, T. Virgili, A. Armitage,
M. S. Skolnick, and S. Walker, Room Temperature Po-
lariton Emission from Strongly Coupled Organic Semi-
conductor Microcavities. Phys. Rev. Lett. 82, 3316–3319
(1999).
[16] D. G. Lidzey, D. D. C. Bradley, A. Armitage, S. Walker,
and M. S. Skolnick Photon-Mediated Hybridization of
Frenkel Excitons in Organic Semiconductor Microcavi-
ties. Science 288, 1620–1623 (2000).
[17] P. A. Hobson, W. L. Barnes, D. G. Lidzey, G. A. Gehring,
6D. M. Whittaker, M. S. Skolnick, and S. Walker, Strong
exciton-photon coupling in a low-Q all-metal mirror mi-
crocavity. Appl. Phys. Lett. 81, 3519–3521 (2002).
[18] J. R. Tischler, M. S. Bradley, V. Bulovic, J. H. Song, and
A. Nurmikko, Strong Coupling in a Microcavity LED.
Phys. Rev. Lett. 95, 036401 (2005).
[19] R. J. Holmes and S. R. Forrest, Strong exciton-photon
coupling in organic materials. Org. Electron. 8, 77–93
(2007).
[20] S. Kena-Cohen, M. Davanco, and S. R. Forrest, Strong
Exciton-Photon Coupling in an Organic Single Crystal
Microcavity. Phys. Rev. Lett. 101, 116401 (2008).
[21] J. Bellessa, C. Symonds, J. Laverdant, J.-M. Benoit, J.
C. Plenet, and S. Vignoli, Strong Coupling between Plas-
mons and Organic Semiconductors. Electronics 3, 303
(2014).
[22] T. Schwartz, J. A. Hutchison, C. Genet, and T. W. Ebbe-
sen, Reversible Switching of Ultrastrong Light-Molecule
Coupling. Phys. Rev. Lett. 106, 196405 (2011).
[23] S. Kena-Cohen, S. A. Maier, and D. D. C. Bradley, Ultra-
strongly Coupled Exciton-Polaritons in Metal-Clad Or-
ganic Semiconductor Microcavities. Adv. Opt. Mater. 1,
827–833 (2013).
[24] M. Mazzeo et al., Ultrastrong light-matter coupling
in electrically doped microcavity organic light emitting
diodes. Appl. Phys. Lett. 104, 233303 (2014).
[25] A. Cacciola, O. Di Stefano, R. Stassi, R. Saija, and S.
Savasta, Ultrastrong Coupling of Plasmons and Excitons
in a Nanoshell. ACS Nano 8, 11483–11492 (2014).
[26] S. Gambino et al., Ultrastrong light-matter coupling in
electroluminescent organic microcavities. Applied Mate-
rials Today 1, 33–36 (2015).
[27] J. George et al., Ultra-strong coupling of molecular mate-
rials: spectroscopy and dynamics. Faraday Discuss. 178,
281–294 (2015).
[28] J. P. Long and B. S. Simpkins, Coherent Coupling be-
tween a Molecular Vibration and Fabry-Perot Optical
Cavity to Give Hybridized States in the Strong Coupling
Limit. ACS Photonics 2, 130–136 (2015).
[29] M. Muallem, A. Palatnik, G. D. Nessim, and Y. R. Tis-
chler, Strong light-matter coupling between a molecular
vibrational mode in a PMMA film and a low-loss mid-IR
microcavity. Ann. Phys. 528, 313 (2016).
[30] J. George, A. Shalabney, J. A. Hutchison, C. Genet, and
T. W. Ebbesen, Liquid-Phase Vibrational Strong Cou-
pling. J. Phys. Chem. Lett. 6, 1027–1031 (2015).
[31] A. Shalabney, J. George, J. Hutchison, G. Pupillo, C.
Genet, and T.W. Ebbesen, Coherent coupling of molec-
ular resonators with a microcavity mode. Nat. Commun.
6, 5981 (2015).
[32] P. Saurabh and S. Mukamel, Two-dimensional infrared
spectroscopy of vibrational polaritons of molecules in an
optical cavity. J. Chem. Phys. 144, 124115 (2016).
[33] R. Chikkaraddy, B. de Nijs, F. Benz, S. J. Barrow, O.
A. Scherman, E. Rosta, A. Demetriadou, P. Fox, O.
Hess, and J. J. Baumberg, Single-molecule strong cou-
pling at room temperature in plasmonic nanocavities.
Nature 535, 127–130 (2016).
[34] J. A. Hutchison, T. Schwartz, C. Genet, E. Devaux, and
T. W. Ebbesen, Modifying Chemical Landscapes by Cou-
pling to Vacuum Fields. Angew. Chem., Int. Ed. 51,
1592–1596 (2012).
[35] B. S. Simpkins, K. P. Fears, W. J. Dressick, B. T.
Spann, A. D. Dunkelberger, and J. C. Owrutsky, Span-
ning Strong to Weak Normal Mode Coupling between
Vibrational and Fabry-Perot Cavity Modes through Tun-
ing of Vibrational Absorption Strength. ACS Photonics
2, 1460–1467 (2015).
[36] F. Herrera and F. C. Spano, Cavity-Controlled Chem-
istry in Molecular Ensembles. Phys. Rev. Lett. 116,
238301 (2016).
[37] J. Galego, F. J. Garcia-Vidal, and J. Feist, Suppressing
photochemical reactions with quantized light fields. Nat.
Commun. 7, 13841 (2016).
[38] A. Thomas, J. George, A. Shalabney, M. Dryzhakov, S.
J. Varma, J. Moran, T. Chervy, X. Zhong, E. Devaux,
C. Genet, J. A. Hutchison, and T. W. Ebbesen, Ground-
State Chemical Reactivity under Vibrational Coupling to
the Vacuum Electromagnetic Field. Angew. Chem. Int.
Ed. 55, 11462–11466 (2016).
[39] A. Thomas, L. Lethuillier-Karl, K. Nagarajan, R. M. A.
Vergauwe, J. George, T. Chervy, A. Shalabney, E. De-
vaux, C. Genet, J. Moran, and T. W. Ebbesen, Tilting
a ground-state reactivity landscape by vibrational strong
coupling. Science 363, 615–619 (2019).
[40] H. Hiura, A. Shalabney, and J. George, Cavity Catal-
ysis: Accelerating Reactions under Vibrational Strong
Coupling. chemrxiv 2019.
[41] J. Lather, P. Bhatt, A. Thomas, T. W. Ebbesen, and
J. George, Cavity Catalysis by Co-operative Vibrational
Strong Coupling of Reactant and Solvent Molecules.
chemrxiv 2019.
[42] J. A. Hutchison et al., Tuning the Work-Function Via
Strong Coupling. Adv. Mater. 25, 2481–2485 (2013).
[43] P. Andrew and W. L. Barnes, Forster Energy Transfer in
an Optical Microcavity. Science 290, 785–788 (2000).
[44] J. Feist and F. J. Garcia-Vidal, Extraordinary Exciton
Conductance Induced by Strong Coupling. Phys. Rev.
Lett. 114, 196402 (2015).
[45] J. Schachenmayer, C. Genes, E. Tignone, and G. Pupillo,
Cavity-Enhanced Transport of Excitons. Phys. Rev. Lett.
114, 196403 (2015).
[46] E. Orgiu et al., Conductivity in organic semiconductors
hybridized with the vacuum field. Nat. Mater. 14, 1123–
1129 (2015).
[47] J. Yuen-Zhou, S. K. Saikin, T. Zhu, M. C. Onbasli, C.
A. Ross, V. Bulovic, and M. A. Baldo, Plexciton Dirac
points and topological modes. Nat. Commun. 7, 11783
(2016).
[48] F. Herrera, B. Peropadre, L. A. Pachon, S. K. Saikin, and
A. Aspuru-Guzik, Quantum Nonlinear Optics with Polar
J-Aggregates in Microcavities. J. Phys. Chem. Lett. 5,
3708–3715 (2014).
[49] K. Bennett, M. Kowalewski, and S. Mukamel, Novel Pho-
tochemistry of Molecular Polaritons in Optical Cavities.
Faraday Discuss. 194, 259 (2016).
[50] M. Kowalewski, K. Bennett, and S. Mukamel, Non-
adiabatic dynamics of molecules in optical cavities. J.
Chem. Phys. 144, 054309 (2016).
[51] M. Kowalewski, K. Bennett, and S. Mukamel, Cavity
Femtochemistry; Manipulating Nonadiabatic Dynamics
at Avoided Crossings. J. Phys. Chem. Lett. 7, 2050
(2016).
[52] S. Kena-Cohen and S. R. Forrest, Room-temperature po-
lariton lasing in an organic single-crystal microcavity.
Nat. Photonics 4, 371–375 (2010).
[53] J. A. Cwik, S. Reja, P. B. Littlewood, and J. Keeling, Po-
lariton condensation with saturable molecules dressed by
7vibrational modes. Euro. Phys. Lett. 105, 47009 (2014).
[54] G. Lerario, A. Fieramosca, F. Barachati, D. Ballarini, K.
S. Daskalakis, L. Dominici, M. De Giorgi, S. A. Maier,
G. Gigli, and S. Kena-Cohen, Room-temperature super-
fluidity in a polariton condensate. Nat. Phys. 13, 837
(2017).
[55] J. D. Plumhof, T. Stoferle, L. Mai, U. Scherf, and R. F.
Mahrt, Room-temperature Bose Einstein condensation of
cavity exciton polaritons in a polymer. Nat. Mater. 13,
247–252 (2014).
[56] F. C. Spano, Optical microcavities enhance the exciton
coherence length and eliminate vibronic coupling in J-
aggregates. J. Chem. Phys. 142, 184707 (2015).
[57] N. Wu, J. Feist, and F. J. Garcia-Vidal, When polarons
meet polaritons: Exciton-vibration interactions in or-
ganic molecules strongly coupled to confined light fields.
Phys. Rev. B 94, 195409 (2016).
[58] M. A. Zeb, P. G. Kirton, and J. Keeling, Exact states and
spectra of vibrationally dressed polaritons. ACS Photon-
ics 5, 249–257 (2018).
[59] F. Herrera and F. C. Spano, Theory of Nanoscale Or-
ganic Cavities: The Essential Role of Vibration-Photon
Dressed States. ACS Photonics 5, 65–79 (2018).
[60] J. del Pino, F. A. Y. N. Schroder, A. W. Chin, J. Feist,
and F. J. Garcia-Vidal, Tensor network simulation of
polaron-polaritons in organic microcavities. Phys. Rev.
B 98, 165416 (2018).
[61] V. May and O. Ku¨hn, Charge and Energy Transfer
Dynamics in Molecular Systems, (3rd ed., Wiley-VCH:
Weinheim, Germany, 2011).
[62] A. Ishizaki, T. R. Calhoun, G. S. Schlau-Cohen, and G.
R. Fleming, Quantum Coherence and its Interplay with
Protein Environments in Photosynthetic Electronic En-
ergy Transfer. Phys. Chem. Chem. Phys. 12, 7319–7337
(2010).
[63] Y. Tanimura, Stochastic Liouville, Langevin, Fokker-
Planck, and Master Equation Approaches to Quantum
Dissipative Systems. J. Phys. Soc. Jpn. 75, 082001
(2006).
[64] S. Mukamel, Principles of Nonlinear Optical Spec-
troscopy, (Oxford University Press, New York, 1995).
[65] The Supplementary Information gives details of the de-
pendence of the polariton’s linewidth and the deviation
of the position of the lower polariton peak in the absorp-
tion spectrum from its energy on the number of molecules
coupled to the cavity, as well as on the Rabi frequency,
the absorption spectrum of a molecular complex, and the
molecular absorption and cavity transmission spectra for
a system of molecules with opposite orientations.
[66] W. Kinnebrock, Optimierung mit genetischen und selek-
tiven Algorithmen (Optimization with genetic and selec-
tive algorithms), (Oldenbourg, Germany, 1994).
[67] H. Pohlheim, Evolutionare Algorithmen (Evolutionary al-
gorithms) (Springer, Berlin, Germany, 1999).
[68] B. Bruggemann, K. Sznee, V. Novoderezhkin, R. van
Grondelle, and V. May, Modeling exciton dynamics in
the photosynthetic antenna PS1. J. Phys. Chem. B 108,
13536–13546 (2004).
[69] N. T. Phuc and A. Ishizaki, Control of Excitation En-
ergy Transfer in Condensed Phase Molecular Systems by
Floquet Engineering. J. Phys. Chem. Lett. 9, 1243–1248
(2018).
[70] N. T. Phuc and A. Ishizaki, Control of Quantum Dynam-
ics of Electron Transfer in Molecular Loop Structures:
Spontaneous Breaking of Chiral Symmetry under Strong
Decoherence. Phys. Rev. B 99, 064301 (2019).
